Ordered mesoporous Al 2 O 3 -SiO 2 -carbon nanocomposites have been synthesized via the direct triblock-copolymer self-assembly route using soluble phenolic resols as polymer precursors, aluminium chloride hexahydrate as an aluminum precursor, tetraethoxysilane as a silica precursor, and Pluronic F127 as a template. Characterization of XRD, N 2 sorption isotherms, TEM, solidstate NMR, TG, and NH 3 -TPD techniques is used to investigate the mesostructure, pore properties, phase composition, metal incorporation state, and acidic properties. Ordered mesoporous nanocomposites have "reinforced concrete"-structured frameworks, in which the oxide and carbon components are microphase separated and homogenously dispersed inside pore walls. Al species are tetrahedrally incorporated into silica frameworks to compose the inorganic oxide compounds which provides acidic center. The nanocomposites have the ordered 2-D hexagonal mesostructure, high surface areas (291-360 m 2 /g), large pore volumes (0.25-0.42 cm 3 /g), large pore diameters (∼ 5 nm) and accessible acidic sites.
INTRODUCTION
Nanocomposites have a bulk matrix and nano-dimensional phases differing in properties, with an enhanced mechanical, electrical, thermal, optical, electrochemical, catalytic properties due to dissimilarities in structure and chemistry of the phases. 1 2 For example, silica-carbon nanocomposites can improve thermal, chemical, conductive, and mechanical properties, showing great potentials in catalysts, 3 electrodes, 4 solar-absorber materials, 5 etc. Mesoporous molecular sieves have uniform nanostructured pores, which can be systematically varied from about 1.5 to 30 nm in diameter, high surface areas (up to 2500 m 2 /g) and distinct adsorption properties, opening up many potential applications in catalysis, separation and nanostructured materials, 6 etc. In this case, mesoporous nanocomposites attract increasing interests due to the combination of pore transportation and multiple solid phases' properties in nanoscale. 7 Mesoporous silica-carbon composites have been prepared by surface functionalization, encapsulation of organic moieties in the channels of mesoporous silica materials and * Author to whom correspondence should be addressed.
carbonization, 8 and direct synthesis of periodic mesoporous organosilicas (PMOs) and further carbonization. 9 Very recently, Zhao and co-workers reported a multiconstituent co-assembly approach from soluble phenolic resins, silicate oligomers, and triblock copolymer F127 for the synthesis of ordered mesoporous silica-carbon nanocomposites. 10 The composites possess unoccupied open channels, as well as well-organized and microphase separated silica and carbon nanoparticle components which are dispersed inside the pore walls to construct a continuous framework with the size of each phase in nanoscale.
In general, the surface of both mesoporous carbon and silicate is only weakly acidic, which limits their applications as catalysts. It is found that the incorporation of aluminum into the silicate framework introduces acidic and ion-exchanged functionality. For this reason, much effort has been devoted to inserting Al in the siliceous framework, 11 12 and acidic mesoporous aluminum silicate can catalyze allyl phenyl ether rearrangement reaction, 13 Claisen rearrangement reaction, 14 acetylation of aromatics, 15 alkylation reaction 16 and so on. The acidic strength and ion-exchanged ability can be improved by decreasing the Si/Al ratio in the framework. Our group found that copper exchanged Al-MCM-41 are active catalysts for NO selective catalytic reduction by propylene in an oxidizing atmosphere, and the activity depends on both copper exchange degree and Si/Al ratio. 17 However, the silica-based materials experience the most serious problem of the loss in the surface acidity and mesostructural ordering at elevated temperatures especially in steam. 18 Here we report the incorporation of the aluminum species into the oxide-carbon nanocomposites to generate acidic sites by the multiconstituent co-assembly approach. The structure directing agent is triblock copolymer, the carbon source is soluble phenolic resols, the silica source is silicate oligomers, and the aluminum source is AlCl 3 · 6H 2 O. The resulted hybrid Al 2 O 3 -SiO 2 -carbon nanocomposite products have a homogenous "reinforced-concrete" oxidecarbon and interpenetrating frameworks with Al species introduction on the silica matrix, ordered 2-D hexagonal mesostructure, high surface areas (290-360 m 2 /g), and large pores (∼ 5 nm). Accordingly, the composite shows advantage in the combination of the performance from the framework Al species which provide acidic and ionexchange sites, the stability and hydrophobicity from carbon, and uniform, large mesopores, which facilitates mass transfer. These features favor their practical applications as catalysts in alkylation. 19 . Then the mixture was transferred into dishes. It took 5-8 h at room temperature to evaporate ethanol and 24 h at 100 C in an oven to thermopolymerize. The as-made films were scraped from the dishes. The products were carbonized with a temperature program from 25 to 350 C at a rate of 1 C/min, maintaining at 350 C for 5 h, from 350 to 900 C at a rate of 1 C/min, and maintaining at 900 C for 2 h. The sample was denoted as MSA-x/C, where x was the molar ratio of Si/Al. The detailed information was listed in Table I . Carbon was removed for the MSA-x/C composite by heating the sample under an air atmosphere at 550 C for 5 h. The product was named as MSA-x. After the removal of silica and alumina from the composite by HF etching, the product was denoted as M-x/C. For comparison, the ordered mesoporous silica-carbon composite (MS/C) and mesoporous carbon MC were synthesized according to the similar procedures. The initial solutions contained phenolic resin, TEOS, triblock copolymer F127, 0.2 M HCl, and ethanol with the mass ratio of phenolic resol/TEOS/HCl/F127) 1.0:2.08:1.0:1.6 and 1.0:0:0:1.6.
EXPERIMENTAL DETAILS

Activity Test
The alkylation of toluene with benzyl chloride was conducted on a 50 mL two-neck round-bottomed flask. A mixture of 10 mL of toluene, 1 mL of benzyl chloride and 0.1 g of catalyst were heated at 110 C. Before the test, the MSA-x/C samples were treated in 2% vapor at 800 C for 90 min. Samples were withdrawn periodically, filtered off and analyzed by GC-mass analysis (Agilent 6890n-5973i equipped with a JW DB-5, 95% dimethyl1-(5%)-diphenylpolysiloxane capillary column) with a flame ionisation detector (FID). The calculation including activity and selectivity was based on the use of benzyl chloride as a limiting reagent.
Characterization
The X-ray diffraction (XRD) measurements were taken on a Rigaku Dmax-3C diffractometer using Cu KR radiation (40 kV, 30 mA, = 0 15408 nm). The d spacing values were calculated by the formula d = /2 sin , and the unit cell parameters were calculated from the formula of a 0 = 2d 100 / √ 3. N 2 adsorption-desorption isotherms were measured at 77 K with a Quantachrome NOVA 4000e analyzer. The Brunauer-Emmett-Teller (BET) method was utilized to calculate the specific surface areas (S BET . By using the Barrett-Joyner-Halenda (BJH) model, the pore volumes and pore size distributions were derived from the adsorption branches of isotherms. Transmission electron microscopy (TEM) experiments were conduced on a JEM 2100 microscope operated at 200 kV. The samples for TEM measurements were suspended in ethanol and supported onto a holey carbon film on a Cu grid. Energy dispersive X-ray spectroscopy (EDX) was performed on a Philips EDAX instrument. Thermal gravity analysis (TG) curves were monitored on a Mettler Toledo 851e apparatus. X-ray fluorescence (XRF) was used to measure Si/Al ratios of the samples operated at 20 mA and 50 kV on the equipment from Bruker S4 EXPLORER.
27 Al solid-state NMR experiments were performed on a VNMRS 400 WB spectrometer with a resonance frequency of 104.18 MHz, a recycling delay of 4 s, and a reference sample of KAl(SO 4 2 · 12H 2 O. Ammonia temperature-programmed desorption (NH 3 -TPD) measurements were carried out on Micromeritics Chemisorption Analyzer. The sample was placed in a sample tube. Before measurement, the sample was degassed at 600 C for 2 h under helium atmosphere. Then the tube was cooled to 100 C. NH 3 adsorption was performed at this temperature for 2 h. The temperature increased again to 600 C with a ramping rate of 10 C/min to record the NH 3 -TPD curves.
RESULTS AND DISCUSSION
The ordered mesoporous Al 2 O 3 -SiO 2 -carbon nanocomposites with different Si/Al ratio were prepared by evaporation induced multi-constituent co-assembly using TEOS as a silica source, AlCl 3 · 6H 2 O as an aluminum source, preformed resins as carbon sources and triblock copolymer F127 as a template. The as-made materials are flaxen and claret-colored membranes without obvious macrophase separation. After heating at 900 C, the powders are uniform and become black. No white solids can be found at each stage.
TG curves of the MSA-20/C composite in air display two distinct weight losses, one with a loss of 6% in the low temperature range belonging to the pysisorption of water; the other one with a loss of 40% in the temperature range 500-700 C attributed to the combustion of carbon (data not shown here). This implies the composites are composed of inorganic solids and carbon with the weight ratio of about 1.2. The Si/Al ratios in the composites are estimated by the XRF technique and listed in Table II, which shows an accordance with the initial adding amount in the synthesis batch. This indicates that for the composite synthesis conditions examined here, Lowenstein's rule excluding Al-O-Al linkages in the framework is apparently obeyed: hydrolyzed aluminum species tend to copolymerize with silica monomers in a close to alternating fashion within the aluminosilicate network. 20 The small-angle X-ray diffraction patterns of ordered mesoporous Al 2 O 3 -SiO 2 -carbon nanocomposites are shown in Figure 1 . Three well resolved diffraction peaks between 2 = 0.5-2.0 can be observed for the studied materials with the Si/Al ratio above 20, corresponding to the (10), (11) , and (20) index of the 2-D hexagonal mesostructure. The cell parameter is calculated to be about 10.5 nm, similar to mesoporous silica-carbon composite MS/C without alumina, but larger than the value for pristine mesoporous carbon MC. 19 This phenomenon indicates an increase in the lattice space with the presence of the inorganic compounds in the carbon-based nanocomposites, in accordance to the literatures. 10 TEM images for the MSA-20/C (Fig. 2) nanocomposite show large domains of ordered stripe-like and hexagonally arranged pores, confirming the ordered 2-D hexagonal mesostructure. The lattice space is estimated to be 10.2 nm, similar to the XRD result. The diffraction peak intensity decreases and become broadened with the increase of the aluminum amount in the initial mixture, implying a reduce in mesostructural regularity, especially with a Si/Al ratio below 5. This phenomenon is different with the silica-carbon composite, in which the high meso-ordering can be maintained with the whole synthesis ratios of phenolic resins and TEOS. Therefore, the reduction in mesostructural ordering is possibly related to the presence of aluminum species.
The wide XRD ( Fig. 1(b) ) patterns for the mesoporous Al 2 O 3 -SiO 2 -carbon nanocomposites exhibit only one broad and intense peak at 2 of around 23 , due to the overlap of diffraction from amorphous oxides and carbon. The diffraction at about 44 belonging to the (010) plane of amorphous carbon is very weak. No peaks assignable to crystalline Al 2 O 3 can be detected. This phenomenon is analogous to that for aluminum-incorporated mesoporous silica, 21 further implying that the Al guest atoms incorporate into the silica structure and disperse well inside the whole matrix. On the other hand, it is well known that TEOS or oligomer silicate species can react with hydroxyl group of phenol or phenolic resins. However, during the polymerization process of resols and silicate oligomers, Si-O-C bonds are unstable compared with Si-O-Si and C-C bonds individually formed during the polymerization process of resols and silicate oligomers. It gives a hint that only aluminum-incorporated silica and carbon disperse in the frameworks. The FT-IR spectra for MSA-x/C (Fig. 3) clearly show bands at ∼1100 and 960 cm −1 . The former can be assigned to the characteristic Si-O-Si vibration. The presence of a strong band at 960 cm −1 in the composite especially with a low Si/Al ratio can be assigned to the Si-O-Al stretching vibration, 22 providing a proof for the incorporation of Al species into the silica framework.
The textual properties of mesoporous acidic solids MSA-x/C were obtained from nitrogen adsorption/ Multiple Constituents Co-Assembly of Ordered Mesoporous Al 2 O 3 -SiO 2 -Carbon Nanocomposites Wang et al. desorption isotherms measurement (Fig. 4) . The shape of isotherms are typical type IV with a sharp capillary condensation step at middle relative pressures, indicating uniform mesopores. The hysteresis loops in the composites with a Si/Al ratio above 10 belong to H2-type. It is related to imperfect cylinder channels, 23 implying the presence of rough surface probably caused by asymmetric shrinkage. When the Si/Al ratio in the composite reaches 5, the predominant H4-type loops are observed, due to the slitlike pores. The pore distribution becomes broad as more aluminum is incorporated, revealing the decreased mesoscopic and molecular order. These results provide evidence on partial dealumination of the framework, in accordance with the XRD and NMR results. The BET surface areas of the mesoporous Al 2 O 3 -SiO 2 -carbon nanocomposites range from 290 to 360 m 2 /g, the pore volumes range from 0.25 to 0.42 cm 3 /g, and the pore sizes are in the range between 4.3 and 5.5 nm. To understand the structures of carbon and Alincorporated silica in the nanocomposites, the two components are separately etched, yielding mesoporous carbon and aluminum-incorporated silica. MSA-50/C was investigated as an example. Burning the Al 2 O 3 -SiO 2 -carbon nanocomposite in air at 550 C brings about the ordered mesoporous Al-incorporated silica materials. On the other hand, pure ordered mesoporous carbon can be derived by etching silica and alumina components in HF solution. The well-resolved XRD patterns corresponding to the 2-D hexagonal p6mm symmetry from the ordered mesostructure of the mother composite MSA-50/C can be preserved for the mesoporous Al-incorporated mesoporous silica and carbon derivations, respectively (Fig. 5) . The results are analogous to the mesoporous SiO 2 -carbon composites. 10 As a result, the framework of Al 2 O 3 -SiO 2 -carbon composites can also be described that carbon and Al-incorporated silicate phases are separated and "homogenously" distributed inside pore walls on nanoscale with so-called "reinforced-concrete" structures. Inorganic oxides and carbon can coexist in a well-ordered, long-range architecture by local microphase separation, which can be individually eliminated to yield an mesoporous carbon and inorganic oxide framework, respectively. However, as mentioned above, the two phases are nanosized, have amorphous nature and interpenetrate together. Therefore, the elementals in the whole particle cannot be clearly identified by elemental mapping technique using EDX. We can only seen the homogenous distribution of Si, Al, C and O in the spectra of a single particle (data not shown here).
In order to investigate the chemical state of aluminum species, solid-state NMR was further employed (Fig. 6) . The 27 Al NMR spectrum of as-made MSA-20/C shows a strong and narrow signal at 50 ppm, indicating the tetrahedral aluminum substitution of the silicon atom in the network of silica. After carbonization at 900 C, one observes some degree of broadening of the 27 Al peaks for the calcined samples, though otherwise the spectral features are similar. The signal of 50 ppm gets broaden and the tailing signal extends to below 0 ppm, implying the transformation from tetrahedral to octahedral coordinated Al. This result has also been reported by Chmelka and co-workers, who found that calcination of the as synthesized aluminosilicate to remove the template led to appearance of a signal at ca. −5 ppm assigned to octahedrally coordinated extra-framework aluminum species. 34 Therefore, partial dealumination occurs during high temperature calcination in MSA-20/C.
The narrow and intense NMR signal from tetrahedral coordinated Al in the MSA-100/C and MSA-50/C can be kept upon carbonization without the appearance of the signal at ∼0 ppm. The peak is however, found to be somewhat broader on compared with the 27 Al NMR spectrum of ZSM-5 zeolite. The broadening of the peak may be an indication of the presence of some of the Al species in an environment with a low symmetry. 20 On the contrary, the signal at −5 ppm corresponding to octahedrally coordinated extra-framework aluminum species become intense in the composite MSA-5/C and MSA-2/C. These phenomena suggest the formation of octahedral coordinated Al with the aluminum content. On combination of the XRD result, it may conclude that the thermal stabilities of the materials decreased with more aluminum incorporation in the silica framework. Following calcination, the presence of a large amount of octahedral coordinated Al species from the partial dealumination of the framework reduces the long-range ordering of the mesostructure.
The acidity of the composite was studied by NH 3 -TPD which provides information on the total acidity of the solids (Fig. 7) . Ammonia is a suitable probe molecule due to its small size and high basicity, which allows the interaction with the majority of acid sites. The TPD results of Al 2 O 3 -SiO 2 -carbon nanocomposites show three desorption peaks in the temperature range between 100 and 500 C. The first two peaks at 180 and 250 C may be related to the adsorption of ammonia on weakly to middle strongly acidic sites; and the last peak at about 350 C can be attributed to the adsorption on the strongly acidic sites. The intensity of the desorption peaks increases with the decrease of the Si/Al ratio to 5, and then reduces with a further increase in the aluminum content. This result indicates the sequence of the surface acidity. The acidity of the aluminum-incorporated mesoporous silicates is originated from the tetrahedral site of aluminum site. As a result, the surface acidity increases with the increase of the aluminum content. However, the partial dealumination of the framework leads to the formation of octahedral coordinated Al in the composite with a Si/Al ratio below 20 and the loss of surface acidity. The MSA-2/C composite with a higher aluminum content shows a lower acidity than MSA-5/C. The results give evidence on the introduction of acidity on mesoporous carbon.
CONCLUSIONS
Ordered mesoporous Al 2 O 3 -SiO 2 -carbon nanocomposites with surface acidity, large pore sizes (∼ 5 nm), and large pore space (0.25-0.42 cm 3 /g) have been successfully synthesized via the direct triblock-copolymer self-assembly route using Pluronic F127 as a template, aluminium chloride hexahydrate as a aluminum precursor, tetraethoxysilane as a silica precursor, and preformed phenolic resols as carbon precursors. The carbon and Al-incorporated silicate phases are separated and "homogenously" distributed inside pore walls on nanoscale with "reinforcedconcrete" structures, which can be individually eliminated to yield an mesoporous carbon and inorganic oxide framework, respectively. Al species are tetrahedrally incorporated into silica frameworks to compose the inorganic oxide compounds which provides acidic center. Therefore, the composite shows advantage in the combination of the performance from the framework Al species which provide acidic and ion-exchange sites, the stability from carbon, and uniform, large mesopores, which facilitate mass transfer.
